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Abstract
Addition of boundary localised kinetic and Yukawa terms to the action of a 5-
dimensional Standard Model would non-trivially modify the Kaluza-Klein spectra and
some of the interactions among the Kaluza-Klein excitations compared to the minimal
version of this model, in which, these boundary terms are not present. In the minimal
version of this framework known as Universal Extra Dimensional model, special assump-
tions are made about these unknown, beyond the cut-off contributions to restrict the
number of unknown parameters of the theory to a minimal. We estimate the contribu-
tion of Kaluza-Klein modes to the branching ratios of Bs(d) → µ+µ− in the framework
of non-minimal Universal Extra Dimensional, at one loop level. The results have been
compared to the experimental data to constrain the parameters of this model. From the
measured decay branching ratio of Bs → µ+µ− (depending on the values of boundary
localised parameters) lower limit on R−1 can be as high as 800 GeV. We have briefly
reviewed the bounds on nmUED parameter space coming from electroweak precision ob-
servables. The present analysis (Bs → µ+µ−) has ruled out new regions of parameter
space in comparison to the analysis of electroweak data. We have revisited the bound on
R−1 in Universal Extra Dimensional model, which came out to be 454 GeV. This limit on
R−1 in Universal Extra Dimensional framework is not as competitive as the limits derived
from the consideration of relic density or Standard Model Higgs boson production and
decay to W+W−. Unfortunately, Bd → µ+µ− decay branching ratio would not set any
significant limit on R−1 in a minimal or non-minimal Universal Extra Dimensional model.
PACS No: 11.10 Kk, 12.60.-i, 14.70.Hp, 14.80.Rt
I Introduction
After the discovery of the Higgs boson at the LHC experiment, the new challenge to particle
physics is to provide a framework in which there exists a natural Dark Matter (DM) candidate,
as the Standard Model (SM) itself does not have a sufficiently massive weakly interacting
particle to be a good candidate for DM. Thus one is compelled to look beyond the SM and in
this endeavour, extra dimensional scenarios offer such a paradigm. Some of the variants of extra
dimensional theories offer the solution to the DM [1, 2] puzzle along with many others like gauge
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coupling unifications [3] and fermion mass hierarchy [4] to name a few. A particular extension
of the SM needs special attention in this regard. This is known as Universal Extra Dimensional
(UED) Model where all the SM fields can propagate in 4+1 dimensional space-time. The extra
dimension (say, y) is compactified on a circle (S1) of radius R [5]. 5-dimensional (5-D) action,
which has the same field content as the SM, would respect the same SU(3)c×SU(2)L×U(1)Y
gauge symmetry. The 4-dimensional (4-D) effective theory is characterised by Kaluza-Klein
(KK) towers corresponding to each SM field. The mass of a nth KK-mode excitation is given
by m2n = m
2 + n
2
R2
; n being the KK-number which is nothing but the discretized momentum in
y-direction and m is the 0-mode mass. SM particles have been identified with the n = 0 mode
fields in the effective theory. However there is one caveat, unlike the SM, the 0-mode fermions
in the effective theory are not chiral, but are vector like in nature. To get rid of the unwanted
fermion 0-modes, one needs to impose an extra Z2 symmetry: y → −y on the action. Fields
which do not have 0-modes are chosen to be odd under this Z2 symmetry. Rest of the fields,
having 0-modes, are even under this discrete transformation. The space of y is restricted from
0 to πR and is called an S1/Z2 orbifold. Two boundary points of the orbifold are also called
the fixed points as they transform onto themselves under this Z2 transformation.
Radiative correction plays [6, 7] an important role to cure a highly degenerate KK-mass spec-
trum in this model. These corrections fall into two categories: namely the finite bulk correc-
tions and more importantly the boundary localised corrections having logarithmic dependence
on the cut-off scale Λ. A very special assumption is being taken in minimal UED (mUED)
which ensures vanishing radiative corrections at the scale Λ. In a more general scenario like
non-minimal UED (nmUED) [8]-[14], this special assumption is being avoided. Instead, one
assumes the boundary localised corrections as free parameters of the model. In this article, phe-
nomenology of a particular non-minimal scenario in which kinetic and Yukawa terms involving
fields are added to the 5-D action, at boundary points, will be investigated. Coefficients of
boundary localised kinetic terms (BLKT) and boundary localised Yukawa terms (BLYT) along
with the radius of compactification, R can be chosen as free parameters and experimental data
can be used to constrain them.
Various phenomenological studies in the framework of nmUED have been made to constrain
non-minimality parameters from the perspective of electroweak observables [13], S, T and U
parameters [11, 15], relic density [16, 17], measurement of decay width of Z-boson to a pair
of b-quarks [18], SM Higgs boson production and decay [19] and from the LHC experiments
[20, 21].
Historically any search of new physics beyond the SM has been guided by the effects like preci-
sion electroweak variables like ρ(T)-parameter, Rb (Z-boson decay width to a pair of b quarks
normalised to total hadronic decay width), AbFB (forward-backward asymmetry of b quarks at
Z-pole) etc. Incidentally, all of these electroweak observables are extremely sensitive to the
quantum corrections. Furthermore, large top quark mass plays a crucial role to amplify these
quantum effects. In the same spirit, we would like to investigate how a precisely measured
quantity namely, branching ratio of Bs(d) meson decay to µ
+µ− could help us in this endeavour.
Recent experimental measurement of these branching ratios by CMS [22] and LHCb [23] col-
laborations have created some excitements among the high energy physics community, as the
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Bs → µ+µ− decay has been thought to be one of the harbingers of new physics. Unfortunately,
the measured value of the branching ratio is more or less consistent with the SM prediction
[24]. There exists only a one (two)-standard deviation difference between the experimentally
measured value and the SM estimation of the Bs (Bd) branching ratio to µ
+µ− pair. However,
this close agreement of experiment with the SM, can be exploited to constrain the parameters
of any BSM scenario. In this article we will be performing such an exercise. We will evaluate
the Br(Bs(d) → µ+µ−) in nmUED framework and compare our results with that from the
experiment.
Br(Bs(d) → µ+µ−) in the framework of UED has been previously estimated in ref. [25]. How-
ever, presence of boundary localised terms (BLT) in the action would non-trivially change
masses of KK-excitations and some of the couplings involving KK-excitations in nmUED frame-
work. Thus it would not be a trivial rescaling of an earlier calculation [25] of Bs(d) → µ+µ−. To
the best of our knowledge, this is the first estimation of Bs(d) branching ratios in the framework
of nmUED.
In the following section, we will evaluate relevant interactions and vertices in the framework
of KK-parity-conserving nmUED with a brief introduction of the model. In section 3 and 4
we will present some calculational details and numerical results respectively. The electroweak
precision variables have been always very effective in constraining any form of new physics. We
will briefly review the effect of precision observables (namely the S, T and U) on the nmUED
parameter space at the end. We conclude in section 5.
II A lightning review of KK-parity-conserving nmUED
scenario
In this section, we discuss the KK-parity conserving nmUED model in brief, with focus on the
interactions necessary for our calculations. We will need gauge and Yukawa interactions of the
fermion KK-modes. Furthermore, we will briefly touch the spectrum of Goldstone bosons and
physical scalars as they play an important role in our analysis as we proceed to present a one
loop calculation done in Feynman gauge, which is characterised by the presence of unphysical
degrees of freedom in the particle spectra.
Let us start with the 5-D fermionic action with BLKT [12, 14]:
Sfermion =
∫
d5x
[
Ψ¯LiΓ
MDMΨL + rf{δ(y) + δ(y − πR)}Ψ¯LiγµDµPLΨL
+Ψ¯RiΓ
MDMΨR + rf{δ(y) + δ(y − πR)}Ψ¯RiγµDµPRΨR
]
. (1)
In 5-dimensions four component Dirac spinors ΨL(x, y) and ΨR(x, y) can be written in terms
of two component spinors [12, 14]:
ΨL(x, y) =
(
φL(x, y)
χL(x, y)
)
=
∑
n
(
φ
(n)
L (x)f
n
L(y)
χ
(n)
L (x)g
n
L(y)
)
, (2)
3
ΨR(x, y) =
(
φR(x, y)
χR(x, y)
)
=
∑
n
(
φ
(n)
R (x)f
n
R(y)
χ
(n)
R (x)g
n
R(y)
)
. (3)
Γ-matrices satisfy Clifford algebra in 4+1 dimensions: {ΓM ,ΓN} = 2gMN , where (M,N =
0, . . . 4)1 with the metric gMN ≡ diag(1,−1,−1,−1,−1). The Γ matrices are defined as ΓM ≡
{γµ, iγ5}, with (µ = 0, . . . , 3). The 5-D covariant derivative is defined asDM ≡ ∂M+ig52 σ
a
2
W aM+
ig51
Y
2
BM , with g
5
2 and g
5
1 are the respective 5-D SU(2)L and U(1)Y gauge coupling constants.
σa
2
and Y
2
are the corresponding generators.
Strength of the BLKT for the fermion fields is parametrised by rf which we choose to be
the same for ΨL and ΨR to respect the chiral symmetry. We choose equal strengths of the
boundary terms at the fixed points (y = 0 and y = πR) which leads to KK-parity2 conserving
interactions. We will stick to this convention while defining the gauge and Yukawa interactions
in the following. However, in general one can adopt asymmetric boundary terms leading to
non-conservation of KK-parity. Phenomenology of such KK-parity-non-conserving scenario can
be found in [14, 21].
One can easily obtain the equation of motion governing the dynamics of fL(R) and gL(R) from the
above action. With appropriate boundary conditions, solutions are as the following [9, 13, 17]:
fnL = g
n
R = N
f
n

cos
[
mf(n)
(
y − πR
2
)]
cos[
m
f(n)
πR
2
]
for n even,
− sin [mf(n) (y − πR2 )]
sin[
m
f(n)
πR
2
]
for n odd,
(4)
and
gnL = −fnR = Nfn

sin
[
mf(n)
(
y − πR
2
)]
cos[
m
f(n)
πR
2
]
for n even,
cos
[
mf(n)
(
y − πR
2
)]
sin[
m
f(n)
πR
2
]
for n odd.
(5)
Nfn , being the normalisation for n
th KK-mode, could be determined form orthonormality con-
ditions:∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}] fmL fnL∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}] gmR gnR
}
= δnm ;
∫ πR
0
dy fmR f
n
R∫ πR
0
dy gmL g
n
L
}
= δnm , (6)
1M,N = 4 corresponds to the y-direction in space.
2After restricting the y-direction between 0 and piR and imposing a discrete Z2 symmetry on the action
the residual symmetry of the action is a reflection symmetry along the line y = piR
2
. The transformation of
KK-excitations under this reflection is characterised by KK-parity. An immediate consequence of KK-parity
conservation is, in any interaction vertex involving KK-excitations, the sum of KK-numbers must be an even
integer.
4
and it takes the form:
Nfn =
√
2
piR
[
1√
1 +
r2
f
m2
f(n)
4 +
rf
πR
]
. (7)
mf(n) is the n
th KK-mode solution of the following transcendental equations [9, 17]:
rfmf(n)
2
=
 − tan
(
m
f(n)
πR
2
)
for n even,
cot
(
m
f(n)
πR
2
)
for n odd.
(8)
We would like to focus on the other relevant interactions (gauge, scalar and Yukawa) which are
also important for our discussion [13, 18]:
SWgauge = −
1
4
∫
d5x
[
WMNiW iMN + rV {δ(y) + δ(y − πR)}W µνiW iµν
]
, (9)
Sscalar =
∫
d5x
[ (
DMΦ
)†
(DMΦ) + rφ{δ(y) + δ(y − πR)} (DµΦ)† (DµΦ)
]
, (10)
SY ukawa = −
∫
d5x
[
λ5t Ψ¯LΦ˜ΨR + ry {δ(y) + δ(y − πR)}λ5t φ¯LΦ˜χR + h.c.
]
. (11)
W iMN ≡ (∂MW iN − ∂NW iM − g52f ijkW jMW kN ) represents the SU(2)L (i = 1, 2, 3) field strength
tensor. Φ is the Higgs doublet and Φ˜ satisfy the condition Φ˜ ≡ iσ2Φ∗ with σ2 being the Pauli
matrix. rV and rφ are the coefficient of BLKT for gauge and scalar fields respectively while
ry represents the coefficient of boundary terms for Yukawa interactions. λ
5
t denote the Yukawa
interactions strength for the third generations in 5-D theory. Further, the 5-D gauge coupling
g52 is related to the 4-D coupling g2 through,
g52 = g2
√
πR
(
1 +
rV
πR
)
.
Appropriate KK-expansion of the fields which are involved in the above actions can be schemat-
ically written as:
W iµ(x, y) =
∑
n
W i(n)µ (x)a
n(y) ; W i4(x, y) =
∑
n
W
i(n)
4 (x)b
n(y), (12)
and
Φ(x, y) =
∑
n
Φ(n)(x)hn(y). (13)
Note, that y-dependent profiles for the W µ and W 4 must be different in the view of the fact
that W µ KK-tower must have a 0-mode, while the later shouldn’t have such a mode in its KK-
tower. In general, due to electroweak symmetry breaking, the eigenvalue equation for the gauge
boson contains a term proportional to (rφ − rV )[26]. Consequently, KK-solutions of the gauge
bosons are in general, different form Eq. 4. To avoid unnecessary complication we set rφ = rV ,
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which we will keep in the rest of our analysis. Consequently, gauge boson KK-excitations have
masses mV (n) (= mφ(n)) which satisfy the same transcendental equations given in Eq. 8 with rf
replaced by rV (= rφ). Furthermore, this assumption helps us to fix the gauge properly in this
non-trivial scenario. For a detail discussion of the W µ and W 4 y-dependent profiles we refer to
the ref. [26].
One must supplement the action for fermions and gauge bosons with the gauge-fixing action
[26]:
SWgf = −
1
ξy
∫
d5x
∣∣∣∂µW µ+ + ξy(∂yW 4+ + iMWφ+{1 + rV (δ(y) + δ(y − πR))})∣∣∣2.
(14)
Here, W 4+ is the 5th component of charged SU(2) gauge boson, while φ+ is the T3 =
1
2
component of the Higgs doublet. MW is the 0-mode W -boson mass and ξy is connected with
physical gauge fixing parameter ξ (with values 0 (Landau gauge), 1 (Feynman gauge) or ∞
(Unitary gauge)) via,
ξ = ξy{1 + rV (δ(y) + δ(y − πR))}. (15)
Using Eqs. 9, 10, and Eq. 14 we can write the bi-linear terms involving the KK-modes ofW 4(n)±
and φ(n)± in Rξ gauge as:
LW 4(n)±φ(n)± = −
(
W 4(n)− φ(n)−
)( M2W + ξm2V (n) −i(1 − ξ)MWmV (n)
i(1 − ξ)MWmV (n) m2V (n) + ξM2W
)(
W 4(n)+
φ(n)+
)
. (16)
In addison to Goldstone bosons (with nth mode mass square ξ(M2W +m
2
V (n)
)):
G(n)± =
(
mV (n)W
4(n)± ± iMWφ(n)±
)
MW (n)
,
we have additional physical charged Higgs pair (with nth mode mass square (M2W +m
2
V (n)
)):
H(n)± =
(
mV (n)φ
(n)± ± iMWW 4(n)±
)
MW (n)
.
The fields W µ(n)± and H(n)± have the same mass eigenvalue MW (n) ≡
√
M2W +m
2
V (n)
and in
’t-Hooft Feynman gauge (ξ = 1), G(n)± also correspond to the same mass eigenvalue.
Let us now examine the mixing of the quark sector. This mixing is only important for top
quarks as it is driven by the Yukawa coupling. Using the modal expansions for fermions given
in Eqs. 2 and 3 and substituting these in the actions given in Eq. 1 and Eq. 11 we can find the
bi-linear terms involving the doublet and singlet states of the quarks. The mass matrix for nth
KK-level is as the following:
6
−
(
φ¯L
(n)
φ¯R
(n)
)(
mf(n)δ
nm mtI
nm
1
mtI
mn
2 −mf(n)δmn
)(
χ
(m)
L
χ
(m)
R
)
+ h.c., (17)
where mt is the top quark mass and mf(n) are the solutions of transcendental equations given
in Eq. 8. The overlap integrals (I nm1 and I
nm
2 ) are of the form:
I
nm
1 =
(
1 +
rf
πR
1 + ry
πR
)
×
∫ πR
0
dy [1 + ry{δ(y) + δ(y − πR)}] gmR fnL ,
and
I
nm
2 =
(
1 +
rf
πR
1 + ry
πR
)
×
∫ πR
0
dy gmL f
n
R.
For both the cases of n = m and n 6= m the integral I nm1 is non zero. But for ry = rf ,
this integral equal to 1 (when n = m) or 0 (n 6= m). And the integral I nm2 is non zero only
when n = m and equal to 1 in the limit ry = rf . Using this equality (fermion and Yukawa
BLT) condition we can easily avoid the mode mixing and construct simpler form of the fermion
mixing matrix. In the rest of our analysis we will stick to the choice of equal ry and rf .
The resulting matrix (given in Eq. 17) can be diagonalised by following bi-unitary transforma-
tions for the left- and right-handed fields respectively:
U
(n)
L =
(
cosαtn sinαtn
− sinαtn cosαtn
)
, U
(n)
R =
(
cosαtn sinαtn
sinαtn − cosαtn
)
, (18)
where αtn[=
1
2
tan−1
(
mt
m
f(n)
)
] is the mixing angle. The gauge eigen states ΨL(x, y)
and ΨR(x, y) and mass eigen states T
1
t and T
2
t are related by the following relations:
φ
(n)
L = cosαtnT
1(n)
tL − sinαtnT 2(n)tL ,
χ
(n)
L = cosαtnT
1(n)
tR + sinαtnT
2(n)
tR ,
φ
(n)
R = sinαtnT
1(n)
tL + cosαtnT
2(n)
tL ,
χ
(n)
R = sinαtnT
1(n)
tR − cosαtnT 2(n)tR . (19)
The eigen states are degenerate in mass, values of which are given by: m
T
1(n)
t
= m
T
2(n)
t
=√
m2t +m
2
f(n)
≡Mt(n) .
Feynman rules (in ’t-Hooft Feynman gauge) which follow from the above action and necessary
for our calculation are listed in Appendix C. One can see that some of the interactions listed
in Appendix C have been modified with respect to their UED counterparts by some overlap
integrals. These overlap integrals are generated while arriving at the 4-D effective action from
5-D one by inserting the appropriate y-dependent profiles in the (5-D) action and integrating
over the y-direction. Here we present the overlap integrals which will frequently occur in our
calculation.
7
• Interaction of a 0-mode fermion with a KK-fermion (nth mode) and a KK-gauge boson
(mth mode):
InmV =
√
πR
(
1 +
rV
πR
)
×

∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}] amfnLf 0L ,∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}] amgnRg0R .
(20)
• Interaction of a 0-mode fermion with a KK-fermion (nth mode) and the mth KK-mode of
5th component of a gauge boson:
I ′nmV =
√
πR
(
1 +
rV
πR
)
×

∫ πR
0
dy bmgnLf
0
L ,∫ πR
0
dy bmfnRg
0
R .
(21)
In Eq. 20 am is the wave function (mth KK-mode) for gauge field, with Lorentz index
µ. While in Eq. 21 bm is the wave function (mth KK-mode) for 5th component of the
corresponding gauge field.
• Yukawa interactions of fermions and scalars:
InmY =
√
πR
(
1 +
rV
πR
)
×

∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}]hmfnLg0R ,∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}] hmgnRf 0L .
(22)
In the above, hm is the wave function (mth KK-mode) for scalar field.
Now for, rφ = rV we have a
m ≡ hm and for rf = ry, InmV ≡ InmY , for n = m let us call it In1 , and
is given by:
In1 = 2
√
1 + rV
πR
1 +
rf
πR
 1√
1 +
r2
f
m2
f(n)
4
+
rf
πR

 1√
1 +
r2
V
m2
V (n)
4
+ rV
πR
 m2V (n)(
m2
V (n)
−m2
f(n)
) (rf − rV )
πR
,
(23)
and we denote I ′nmV = I
nm
2 . Let us call it I
n
2 for n = m and is given by:
In2 = 2
√
1 + rV
πR
1 +
rf
πR
 1√
1 +
r2
f
m2
f(n)
4
+
rf
πR

 1√
1 +
r2
V
m2
V (n)
4
+ rV
πR
 mV (n)mf(n)(
m2
V (n)
−m2
f(n)
) (rf − rV )
πR
.
(24)
8
0.2
0.4
0.6
0.8
1.0
1.2
1.4
-2 -1  0  1  2  3  4
I 1
1
Rf 
RV=-1RV=0RV=1RV=2RV=3RV=4
0.2
0.4
0.6
0.8
1.0
1.2
1.4
-2 -1  0  1  2  3  4
I 2
1
Rf 
RV=-1RV=0RV=1RV=2RV=3RV=4
Figure 1: Variation of the overlap integrals I11 (left panel) and I
1
2 (right panel) defined in Eqs. 23
and 24 with Rf for six different values of RV .
These two overlap integrals play a crucial role in our analysis. Many of the couplings used in
the following calculation are hallmarked by the presence these integrals which can be explicitly
seen in the Feynman rules listed in Appendix C. First of all, in the limit rf = rV , both of these
overlap integrals become unity, setting all the nmUED couplings equal to their UED values. For
the purpose of illustration, variations of the integrals I11 and I
1
2 (n = m = 1) with rf/R(= Rf )
and rV /R(= RV ) have been presented in Fig. 1. Left (right) panel shows the variation of I
1
1
(I12 ) with Rf for six different values of RV . We have presented these integrals for both positive
as well as negative values of RV and Rf . Let us first discuss the pattern of these integrals for
positive values of RV . In this case, while I
1
1 increases with Rf , I
1
2 initially increases before it
starts decreasing with Rf . On the other hand if RV is negative, I
1
1 is almost independent of
Rf , but I
1
2 steadily decreases with Rf over the entire range of its values used in Fig. 1. At
this point we would like to make some comments which could help the reader to understand
the nature of the plots. The first two factors (one under the square root sign and the other in
the first square bracket involving rf only) decreases with Rf in both of these integrals. Among
the remaining factors, term proportional to m2
V (1)
(in I11 ) slowly diminish in magnitude with
Rf . The remaining factor proportional to (Rf −RV ) increases with Rf . When RV is negative
(= −1), due to an interplay between the term proportional to m2
V (1)
and remaining factors, I11
remains almost independent with Rf . This explains the qualitative departure of the overlap
integral I11 for negative and positive values of RV . Furthermore, asmf(1) is a decreasing function
of Rf , in I
1
2 the presence of a factor proportional to mV (1)mf(1) (instead of m
2
V (1)
in I11 ) offers
additional damping to the magnitude of I12 . And apart from some lower values of Rf , I
1
2 always
decreases with Rf .
Before going into the main calculation, let us comment on the range of values of BLT parameters
used in our analysis. In general BLT parameters can positive or negative. A careful look into
the Eq. 7 would reveal that, for rf/R = −π the 0-mode solution becomes divergent. And
beyond rf/R = −π the 0-mode fields become ghost-like. Any other values of BLT parameters
greater than −π are acceptable. However, as BLT parameters change from positive to negative
domain, corresponding KK-masses would increase thus diminishing the values of loop functions
described below. This in turn decrease the magnitudes of the branching ratios of our interest.
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III Bs(d)→ µ
+µ− in nmUED
Stage has now been set to discuss the subject of our attention, namely the branching ratio of
Bs(d) into µ
+µ− pair. The effective Hamiltonian for Bs(d) → µ+µ− decay is given by:
Heff = −GF√
2
α
2π sin2 θw
V ∗tbVts(d)ηY Y (xt, rf , rV , R
−1)
[
b¯γµ (1− γ5)s(d)
]
[µ¯γµ (1− γ5)µ] + h.c. ,
(25)
where GF is the Fermi constant, Vij are the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments, α is the fine structure constant, ηY is the QCD factor and θw is the Weinberg angle.
The function Y (xt, rf , rV , R
−1) is the total contributions coming from Z-penguins, self-energy
and box diagrams:
Y (xt, rf , rV , R
−1) = C(xt, rf , rV , R
−1) +B(xt, rf , rV , R
−1), (26)
where C(xt, rf , rV , R
−1) originates from penguins and self energy diagrams (Fig. 2 and Fig. 3
respectively) and is defined as:
C(xt, rf , rV , R
−1) = C0(xt) +
∞∑
n=1
Cn(xt(n), xu(n)). (27)
Here, C0(xt) is the SM contribution:
C0(xt) =
xt
8
[
xt − 6
xt − 1 +
3xt + 2
(xt − 1)2 ln xt
]
, (28)
while the second term represents the total KK-contribution that is being calculated from the
Z-penguin diagrams and self-energy diagrams (Figs. 2 and 3) originating from the nmUED
framework. The function Cn(xt(n), xu(n)) is defined as:
Cn(xt(n), xu(n)) = F (xt(n))− F (xu(n)), (29)
where F (xt(n)) and F (xu(n)) arises respectively, from the contributions of the T
1(n)
t , T
2(n)
t and
T
1(n)
u , T
2(n)
u modes. The function F (xt(n)) takes the form:
F (xt(n)) =
8∑
i=1
Fi(xt(n)) +
(
1
2
− 1
3
sin2 θw
) 2∑
i=1
∆Si(xt(n)). (30)
Moreover Fi denote the contributions those are coming from Z-penguin diagrams (1-8 in Fig. 2)
and ∆Si represent the contributions of self-energy diagrams (Ia-IIb in Fig. 3) which are nec-
essary for calculation of the electroweak counter terms. While the function F (xu(n)) is given
by:
F (xu(n)) = F (xt(n))
∣∣∣∣
xt→0
. (31)
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F (xu(n)) are subtracted in the above (Eq. 29) to take into account of the contributions of KK-
excitation of first two generations of quarks in Z-penguins and self-energy diagrams, exploiting
the GIM-mechanism. F (xt(n)) in nmUED framework is given by the following expression which
is drastically different from that of UED due to the presence of integrals In1 and I
n
2 :
F (xt(n)) =
[
1
8
{
− lnM2
t(n)
− 3
2
+ hq
(
xt(n)
)}− 1
4
xt(n)hq
(
xt(n)
) m2f(n)
M2
t(n)
]
(In1 )
2
−3
4
[
− lnM2
W (n)
− 1
6
− xt(n)hw
(
xt(n)
)]
(In1 )
2 − 1
2
hw
(
xt(n)
) m2f(n)
M2
W (n)
(In1 )
2
+
[
1
16
{
− lnM2
t(n)
− 1
2
+ hq
(
xt(n)
)}
(In2 )
2 − 1
8
xt(n)hq
(
xt(n)
){ m4f(n)
M2
t(n)
m2
V (n)
+
m4t
M2
t(n)
M2W
}
(In1 )
2
]
− 1
16
[
2(In2 )
2 + xt(I
n
1 )
2
] [− lnM2
W (n)
+
1
2
− xt(n)hw
(
xt(n)
)]
+
1
8
[
−1
2
{
1 + xt(n)
1− xt(n)
+
2x2
t(n) lnxt(n)
(1− xt(n))2
}
− lnM2
W (n)
]
(In1 )
2
+
1
16
[
(In2 )
2 + xt(I
n
1 )
2
] [1
2
{
1− 3xt(n)
1− xt(n)
−
2x2
t(n) lnxt(n)
(1− xt(n))2
}
− lnM2
W (n)
]
. (32)
Expressions for hq and hw are listed in Appendix A (Eqs. A-9 and A-10).
T 1, T 2
Z
W±
T 1, T 2
(1)
T 1, T 2 T 2, T 1
Z
W±
(2)
T 1, T 2
G±, H±
Z
(3)
T 1, T 2 T 1, T 2
G±, H±
(4)
T 2, T 1
Z
Z
W±
T 1, T 2
W±
(5)
Z
T 1, T 2
G±, H±G±, H±
(6)
Z
T 1, T 2
G±, H± H±, G±
(7)
Z
W±
T 1, T 2
G±, H±
(8)
Figure 2: Z-penguin diagrams contributing to the decay of Bs(d).
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ZT 1, T 2
W±
(Ia)
Z
W±
T 1, T 2
(IIa)
Z
G±, H±
T 1, T 2
(Ib)
Z
T 1, T 2
G±, H±
(IIb)
Figure 3: Self-energy diagrams contributing to the decay of Bs(d).
B(xt, rf , rV , R
−1) in Eq. 26 is given by:
B(xt, rf , rV , R
−1) = −B0(xt) +
∞∑
n=1
Bn(xt(n), xu(n), xν(n)). (33)
B0(xt) again represents the SM contribution to the box diagrams:
B0(xt) =
1
4
[
xt
1− xt +
xt
(xt − 1)2 ln xt
]
, (34)
and the second term denotes the total KK-contribution that is evaluated from the box diagrams
(Fig. 4). Bn(xt(n), xu(n), xν(n)) is defined as:
Bn(xt(n), xu(n), xν(n)) = H(xt(n), xν(n))−H(xu(n), xν(n)). (35)
In nmUED framework, expression for H(xt(n), xν(n)) is given as the following:
H(xt(n), xν(n)) = (I
n
1 )
4
[
− 1
4
M2W
M2
W (n)
U(xt(n), xν(n)) +
1
2
M2WM
2
t(n)
m2
f(n)
M6
W (n)
U˜(xt(n), xν(n))
+
1
2
M2Wm
2
f(n)
M6
W (n)
(
M2Wm
2
f(n)
m2
V (n)
−m2t
)
U˜(xt(n), xν(n))−
1
8
M2Wm
2
f(n)
M6
W (n)
(
M2Wm
2
f(n)
m2
V (n)
−m2t
)
U(xt(n), xν(n))
− 1
16
M2WM
2
t(n)
m2
f(n)
M6
W (n)
U(xt(n), xν(n))−
1
16
M2W
M6
W (n)
(
M4Wm
4
f(n)
m4
V (n)
+m2tm
2
f(n)
)
U(xt(n), xν(n))
]
, (36)
and H(xu(n), xν(n)) is defined through:
H(xu(n), xν(n)) = H(xt(n), xν(n))
∣∣∣∣
xt→0
. (37)
The expressions for the functions U and U˜ can be found in Appendix B (Eqs. B-7 and B-8).
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The definition of Bn (given in Eq. 35) are again in order to take into account the contributions
from KK-excitations of first two generations of quarks into the calculation.
T 1i , T
2
i
νj,Lj
W±, G±, H±
W±, G±, H±
s
b
µ
µ
Figure 4: Box diagrams contributing to the decay of Bs(d).
Note that xt =
m2t
M2
W
, and xt(n) =
M2
t(n)
M2
W (n)
=
m2t+m
2
f(n)
M2
W
+m2
V (n)
, mf(n) and mV (n) are the solutions of Eq. 8
corresponding to the BLKT parameters rf and rV respectively.
Finally one can express the branching ratio of Bs(d) → µ+µ− in terms of Y and other parameters
as:
Br(Bs(d) → µ+µ−) = τ(Bs(d))G
2
F
π
(
α
4π sin2 θw
)2
F 2Bs(d)m
2
µmBs(d)√
1− 4 m
2
µ
m2Bs(d)
|V ∗tbVts(d)|2 Y 2(xt, rf , rV , R−1),
(38)
where, FBs(d) is the Bs(d) meson decay constant and τ(Bs(d)) is the life time. mµ and mBs(d) are
the masses of muon and Bs(d) meson respectively.
We would like to point out that the total contribution from UED is obtained by summing Cns
and Bns over KK-modes (starting from n = 1). It can be checked easily that these quantities
tend to vanish when R−1 → ∞, showing the decoupling nature of the new physics in this
case. While estimating the contribution from the KK-excitation, in the one loop mediated
amplitudes, we have used only those interactions which couples a 0-mode field to pair of KK-
excitations with same KK-number. However, in a manifestly KK-parity conserving theory,
there can be non zero interactions among a 0-mode field with two different KK-excitations,
say, with unequal KK-number n and m, modulo n +m is an even integer. We have explicitly
checked that 0 − n−m interactions are suppressed with respect to the 0− n− n interactions
[18] and we neglect those while estimating the Bs(d) → µ+µ− interactions.
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In our calculation, we have neglected the masses of the external quarks and while evaluating
the Z-penguins and box diagrams, momenta of the external legs have been assumed to be
vanishing.
IV Results
We are now equipped to present our results. Before we proceed further let us present the
experimentally measured value [27] of Br(Bs(d) → µ+µ−) along with the SM prediction [24, 27]
for the same in Table 1. Central values of experimentally measured branching ratios of Bs (Bd)
are nearly one (two)-standard deviation away from its SM prediction.
Branching ratio SM prediction Experimental value
Bs → µ+µ− (3.66± 0.23)× 10−9 (2.8+0.7−0.6)× 10−9
Bd → µ+µ− (1.06± 0.09)× 10−10 (3.9+1.6−1.4)× 10−10
Table 1: SM prediction for Bs(d) → µ+µ− branching ratios and their experimental measured
values.
We will now discuss the method, that has been used in the following, for the numerical estima-
tion ofBr(Bs → µ+µ−). We will follow similar procedure for the estimation of Br(Bd → µ+µ−).
Numerical value of the Bs branching ratio, quoted in Table 1 includes higher order corrections
(NNLO-QCD and NLO-EW corrections [24]) to the branching ratio in the framework of the
SM. The total decay amplitude in the UED framework is a sum of contributions from different
KK-levels (including the contribution from 0-level which is nothing but the SM). We expect
that higher order corrections to the decay amplitude originating from higher KK-modes would
be in the same ballpark that of the SM (0-mode). So to (approximately) take into account the
effects of higher order corrections into our result we have estimated Br(Bs → µ+µ−) in UED
as,3
Br(Bs → µ+µ−)UED = Br(Bs → µ+µ−)SM
(
Y
Y0
)2
. (39)
Here, Y total contribution (originating from 0 and higher KK-modes) defined in Eq. 26, while
Y0(≡ C0 + B0) is only the 0-mode (SM) contribution. Expressions for C0 and B0 are given in
Eq. 28 and Eq. 34 respectively. For numerical estimation of the above branching ratio, we have
used the central value (3.66× 10−9) for Br(Bs → µ+µ−)SM , following the ref. [27].
In the above, we have expressed Br(Bs → µ+µ−)UED in terms of Br(Bs → µ+µ−)SM . Con-
sequently, the relevant input parameters for numerical evaluation of the above branching ratio
3This method is somehow similar to find a k-factor (the ratio of branching ratios with higher order correction
and without any correction in our case) in the SM and then multiply the leading order branching ratio in UED
by this k-factor. In absence of a full higher order correction in UED framework, this approximation is not very
bad, as the higher KK-modes of t-quark and W -bosons, running in the triangle or box diagrams, have similar
couplings to the SM particles in the initial and the final state.
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are top-quark and W -boson masses respectively, which are necessary for evaluation of the func-
tions Y0 and Y . We use the values of these parameters following the ref. [28]. Values of these
parameters used in ref. [24] are same as the values in ref. [28]4.
Any contribution to the Bs(d) → µ+µ− branching ratio from the SM and beyond the SM goes
into the function Y as defined in Eq. 38. The dominant contribution to Y comes from the
diagrams (3), (4), (6) and (7) of Fig. 2 (Z-penguins); (Ib) and (IIb) of Fig. 3 (self-energies).
These amplitudes are proportional to g2λ
2
t , where λt being the top-Yukawa coupling. Box
diagram contributions are not significant in comparison to the penguins 5. One must perform
a sum over the KK-modes while evaluating the C and B-functions, which contribute to Y .
In view of a recent analysis correlating the SM Higgs mass and cut-off scale of UED model
[29], we restrict ourselves upto 5 KK-levels. Previous practice was to use 20-30 KK-levels
while summing up the contributions from KK-modes. However, we have explicitly checked
that numerical results would not change to a significant level as the sum over the KK-modes, in
this case is converging6. At the end of following sub-section, we will present a table comparing
the Bs branching ratios calculated with 5 KK-levels vis-a-vis 20 KK-levels in support of our
assumption.
The main results of our analysis i.e. variation of the branching ratio (Bs → µ+µ−) with R−1
for several values of Rf are presented in Fig. 6. Same have been presented for Bd in Fig. 7.
Six different panels show the dependence of branching ratios with RV . We will be discussing
the implications of these results in the framework of nmUED. But before delving into that, we
would like to discuss the consequences of the result in the framework of UED itself.
IV.1 Reviewing the limits on R−1 in UED framework
To start with we will focus on the Bs(d) meson branching ratio to µ
+µ− in the UED frame work.
The expression for F n and Hn defined in Eqs. 32 and 36 would result into their UED forms once
we set rV = rf = 0. In this limit the overlap integrals I
n
1 and I
n
2 become unity and the masses
of the KK-excitations in nth KK-mode become equal to nR−1. We check that our expressions
of C and B in this limit agree exactly with the one in ref. [25]7. In Fig. 5 we have plotted
the Bs(d) → µ+µ− branching ratio with R−1 in UED framework (black dashed curve in each
panel). Steady decrement of the branching ratio with increasing R−1 is an artefact of increasing
KK-masses with R−1. This line intersects the horizontal line (light shaded) (4.2× 10−9 for Bs
and 7.1 × 10−10 for Bd) which correspond to the 95% C.L. upper limit on the experimentally
measured branching ratio of Bs (left panel of Fig. 5) and Bd (right panel of Fig. 5). Thus the
4We have used MW = 80.38 GeV and mt = 173.21 GeV.
5As for example, in nmUED model, for R−1 = 1 TeV, Rf = RV = 1 after summing over 5 KK-levels
C = 0.9116 while B = 0.1856. For R−1 = 2 TeV, Rf = RV = 1, C = 0.8915 while B = 0.1846. The smallness
of the box diagram contribution in comparison to the penguins, has also been pointed out in ref. [25]
6It has been shown in [30], the KK-sum in case of one loop calculation (like the one in the present case) in
UED with one extra space like dimension is always converging.
7The authors of ref. [25] have not considered any radiative corrections to the KK-masses, consequently mass
of a nth KK-excitation is nR−1 in their analysis.
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Figure 5: Left (right) panel: Variation of the branching ratio (Bs(Bd) → µ+µ−) with R−1 in
UED model. The black dashed line in each panel represents the UED curve (corresponds to
rV /R = RV = 0 and rf/R = Rf = 0 case). The dark shaded horizontal line represents the SM
prediction for the above branching ratio, while the light shaded horizontal line represents the
95 % C.L. upper limit on the experimentally measured Bs(d) branching ratio to muon pair.
R−1 values corresponding to these intersections would give rise to a 95% C.L. lower limit on the
value of R−1. One can see this limit from Bs decay comes out to be 454 GeV. While deriving
this limit, we have neglected the theoretical error on Br(Bs → µ+µ−). One can easily see from
Table 1, that theoretical error on the SM estimate of this branching ratio is around 6% and we
expect that theory error in the UED framework will be of the same order. And this is small
compared to the experimental error (nearly 25 %) on the measured value of the branching
ratio. Our results presented in Fig. 5, thus correspond to a vanishing theoretical error on the
Bs branching ratio.
The lower bound on R−1 which results from Bd decay (R−1 ∼ 60 GeV) is not so promising. To
put our observation into the proper context we would briefly mention the bounds on R−1 that
result from other processes. Consideration of (g − 2)µ [31], ρ-parameter [32], FCNC process
[25, 33, 34] and electroweak observables like Rb [18, 35] would result into a lower limit on R
−1
which is in the ballpark of 300 GeV. Consideration of radiative B-meson decay puts a lower
limit of 600 GeV on R−1 [36]. While the projected lower limit on R−1 using tri-lepton signal
at 8 TeV LHC is 1.2 TeV [37].
IV.2 Bounds from the nmUED
We are now in a position to discuss our results in the context of nmUED. Numerical results
from the calculation presented in the previous section are presented in Figs. 6 and 7 for Bs
and Bd meson branching ratios to muon pair respectively. In each of the figures six different
panels represents the results for six different choices for gauge BLKT, RV . While in each panel
16
different line represents the variation of the branching ratio with R−1 with different values of
fermion BLKT coefficients, Rf .
The monotonic decreasing nature of the branching ratio with increasing R−1 is the same as in
UED and has been explained in the above. The dependence on the other parameters could
be easily understood as the following. For a given R−1, masses of KK-excitations of fermions,
gauge bosons and scalars decrease with increasing Rf and RV . This in turn, increase the decay
width of Bs and Bd to µ
+µ−. Apart from KK-masses the other determining factors in our
calculation are the overlap integrals defined in Eqs. 23 and 24. We have already noted their
dependencies on Rf and RV .
One can see that Bs → µ+µ− branching ratio increases with the increment of both of these
BLKT coefficients. Dependence on RV is mild while it is more sensitive to any change of
Rf . This can be understood again by looking at the interactions used in this calculation
listed in Appendix C. A careful look at the Feynman rules reveals that In1 and I
n
2 modify the
interactions of 3rd generations of quarks with charged-Higgs scalar and 5th component of W -
boson respectively. The first one being top-Yukawa, is dominant over the second one, which is
SU(2) gauge interaction. Thus In1 which appears with top-Yukawa, has a better control on the
Bs → µ+µ− amplitude, which increases both with Rf and RV . Dependence of Br(Bd → µ+µ−)
on R−1 and BLKT parameters can be explained in the same way. The decay of Bd to µ+µ− is
suppressed with respect to the Bs by a factor of
(
Vtd
Vts
)2
. Finally we would like to add that for
negative values of BLKT parameters, above branching ratio is always less than the value for the
same in the UED model. This could be easily accounted by the suppression of decay amplitude
due to heavier (than in the UED case) KK-excitation in nmUED framework for negative values
of BLKT parameters.
Finally in Fig. 8 (right panel), the exclusion region in Rf−R−1 plane, has been presented for six
different choices of RV . The region under a particular line (corresponding to a fixed value of RV )
has been excluded at 95% C.L. by comparing the experimentally measured Br(Bs → µ+µ−) to
its theoretical prediction in the framework of nmUED. This plot is a summary of the results
presented in Fig. 6. The lines represent the contours of constant branching ratios of Bs → µ+µ−
corresponding to the 95% C.L. upper limit (4.2× 10−9) of its experimentally determined value.
Features of this contours can be easily understood in the light of our discussion above. Higher
values of R−1 would increase the KK-masses hence pulling down the decay width (and branching
ratio). To compensate this one must increase Rf and RV , which control the decay dynamics
in two ways. First of all, these would pull down the masses and Rf would also increase the
couplings through the overlap integral In1 . While an increasing RV would decrease I
n
1 but
increase In2 . Overall, with increasing RV , decay width mildly increase in contrast to Rf , which
would increase the decay width more sharply with its increment.
We would like to show the difference in the derived lower limits on R−1 due to taking into
account 5 KK-levels vis-a-vis 20 KK-level while performing the KK-level summation. One can
see from Table 2, that the lower limits on R−1 (in TeV) derived from our analysis is not very
much sensitive to the number of KK-level used in the summation.
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Figure 6: Variation of the branching ratio (Bs → µ+µ−) with R−1 for several values of Rf =
rf/R . The six panels correspond to different RV = rV /R. The dark shaded horizontal line
represents the SM prediction for the above branching ratio, while the light shaded horizontal
line represents the 95 % C.L. upper limit on the experimentally measured Bs branching ratio
to muon pair.
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Figure 7: Variation of the branching ratio (Bd → µ+µ−) with R−1 for several values of Rf =
rf/R . The six panels correspond to different RV = rV /R. The dark shaded horizontal line
represents the SM prediction for the above branching ratio, while the light shaded horizontal
line represents the 95 % C.L. upper limit on the experimentally measured Bd branching ratio
to muon pair.
RV = −1 RV = 0 RV = 1 RV = 2 RV = 3 RV = 4
Rf 5 KK-level 20 KK-level 5 KK-level 20 KK-level 5 KK-level 20 KK-level 5 KK-level 20 KK-level 5 KK-level 20 KK-level 5 KK-level 20 KK-level
-2 0.333 0.357 0.246 0.260 0.119 0.122 0.077 0.081 0.045 0.050 0.035 0.039
-1 0.361 0.378 0.280 0.300 0.191 0.192 0.146 0.150 0.119 0.120 0.101 0.105
0 0.368 0.380 0.454 0.460 0.412 0.418 0.392 0.402 0.383 0.392 0.373 0.384
1 0.381 0.399 0.553 0.567 0.586 0.603 0.588 0.610 0.590 0.617 0.593 0.621
2 0.399 0.406 0.617 0.624 0.672 0.686 0.682 0.700 0.693 0.717 0.698 0.723
3 0.403 0.409 0.661 0.664 0.734 0.745 0.752 0.765 0.766 0.786 0.770 0.792
4 0.410 0.416 0.694 0.701 0.780 0.783 0.800 0.810 0.820 0.834 0.825 0.838
Table 2: Lower limits on R−1 (in TeV) derived from Bs decay branching ratio to µ+µ− for
different values of input parameters showing the insensitivity on the number of KK-levels in
summation (see Eq. 27 and Eq. 33).
IV.3 Electroweak precision constraints
Before we conclude, it would be relevant to discuss the constraints on the parameters coming
from our analysis vis-a-vis electroweak data, which remains very instrumental in constraining
any new-physics beyond the SM. Electroweak precision constraints on nmUED parameters have
been discussed previously in [38, 39], while authors in ref. [13] restricts nmUED parameters from
the consideration of Z-mass. However, in both of these cases nmUED action used for analysis
are slightly different from that of ours. Ref. [38], while presenting their electroweak results used
equal BLKT parameters for all the field along with a bulk mass term for the fermions. While
the authors in the ref. [13], have considered several choices for the BLKT parameters. The case
closest to our approach is where they have used equal BLKT parameters for Higgs and gauge
bosons and set the BLKT parameter for the fermions equals to zero. Consequently, it would
not be meaningful to directly apply the constraints derived in the above analysis to our case.
So we have redone the analysis following the approaches of refs. [13, 38], however applied to
our case.
In nmUED model, corrections to Peskin-Takeuchi parameters S, T and U as well as to Z
mass appear through the correction to the Fermi constant, GF at tree level, which is in stark
contrast to the minimal version of the UED model where these correction appears through one
loop processes. These quantities are modified by the correction of Fermi constant GF which is
determined from muon decay, i.e. a four-fermion process. The corrected Fermi constant GF
can be decomposed into two parts as:
GF = G
0
F + δGF , (40)
with G0F is simply the contribution from W
± 0-mode exchange, while δGF denotes the sum of
the contributions from all non zero (even) W± KK-modes. The effective Fermi constant can
be expressed as the following.
G0F =
g22
4
√
2M2W
, δGF =
∑
n≥2
g22(I
G
n00)
2
4
√
2M2
W (n)
, (41)
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where,
IGn00 =
√
πR
(
1 +
rV
πR
)∫ πR
0
dy [1 + rf{δ(y) + δ(y − πR)}] anf 0Lf 0L, (42)
=
√
(1 + rV
πR
)
(1 +
rf
πR
)
√
2√
1 +
r2
V
m2
V (n)
4
+ rV
πR
(rf − rV )
πR
.
A similar expression for δGF has been presented in ref. [13]. The above expression for δGF ,
agrees with the same in ref. [13] in the limit rf → 0.
Note that the above integral becomes zero when rf = rV , i.e., there is no correction of Fermi
constant for this equality condition.
nmUED contributions to the S, T and U parameters can be written, following the approach of
ref. [38, 39], as:
SnmUED = 0, TnmUED = − 1
α
δGF
GF
, UnmUED =
4 sin2 θw
α
δGF
GF
. (43)
One can now compare the predictions from nmUED model with the experimental values given
in the ref. [40]
SNP = 0.05± 0.11, TNP = 0.09± 0.13, UNP = 0.01± 0.11, (44)
with input Higg mass mh = 125 GeV and top quark mass mt = 173 GeV. This would constrain
the parameter space of nmUED model.
Before presenting the results of the above analysis, we would briefly discuss how δGF modifies
the Z-boson mass at the tree level [13]. This would be evident once we express the mass of Z-
boson in terms of α,MW and GF : MZ =
MW
√√
2GFM
2
W√√
2M2
W
GF−πα
. The corrections to Z mass at tree level,
in the framework of nmUED, would creep in through the corrected Fermi-constant, GF . One
can compare this with the so called tree level Z-mass defined by the relationm
(expt)
Z −δ(1−loop)mZ
following the ref. [13]. Here, δ(1−loop)mZ stands for the 1-loop correction to the Z-boson mass
in the SM.
We present our results in Fig. 8 (left panel) in terms of 95% C.L. lower limit on R−1 for several
values of BLKT parameters. Region of the parameter space below a particular line has been
ruled out from the consideration of T and U parameters. Furthermore, we have checked that
the tree level value of Z-boson mass in the framework of nmUED, resides within the 95 % C.L.
allowed tree level value [13] for the entire range of parameter space that we have considered in
this work.
To compare the limits derived from our analysis (Bs → µ+µ−) with that from electroweak
precision test, we present the allowed range of parameter space both from Bs decay and elec-
troweak precision data, in Rf −R−1 plane for six different choices of RV in Fig. 8 (left panel).
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In the right panel of Fig. 8, we present the allowed parameter space, on an expanded scale,
only from the Bs decay analysis for sake of clarity. Each curve (in the left and right panel)
corresponds to a particular value of RV , each point of which represents a lower limit of R
−1 in
TeV corresponding to a particular value of Rf . So that the area under a particular curve has
been dis-allowed by either from precision constraints or from Br(Bs → µ+µ−). It is evident
from the plots that for a given value of RV , higher values of R
−1 are being ruled out from
electroweak data for lower values of Rf , while Bs branching ratio would do better than the
electroweak data in excluding values of R−1 for higher values of Rf . Finally, we mention while
passing that the all of the parameter space (whether allowed or disallowed from electroweak
data and Bs decay) is consistent with the Z-boson mass following the ref. [13].
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Figure 8: 95% C.L. exclusion contours in Rf − R−1 plane for six different choices of RV from
branching ratio of Bs → µ+µ− decay and from constraints of T and U parameter. The area
below a particular curve (fixed RV ) has been excluded at 95% C.L.
It has been evident from our analysis that the lower bounds on R−1 derived with negative values
of BLKT parameters are not very interesting and the above values of R−1 have been already
excluded from the consideration of electroweak data, which can be seen from the left panel
of Fig. 8. The weak nature of the bounds on R−1 derived from Bs → µ+µ− branching ratio
for negative values of BLT parameters, could be accounted by the higher masses of the KK-
excitations, diminishing the contributions of penguins and boxes to the total decay amplitude.
Furthermore, we have restricted our choice of BLT parameters upto 4. A careful look at the
left or right panel of Fig. 8 (or Table 2), tells us that lower limits on R−1 are weakly sensitive
to the values of RV . So we expect that higher values of RV would keep the lower limit on R
−1
in the same ballpark.
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V Conclusion
We have calculated the contribution of KK-excitations in the framework of non-minimal Uni-
versal Extra Dimensional model to the branching ratio of Bs(d) → µ+µ− at one loop level.
Non-minimal UED is hallmarked by the presence of boundary localised kinetic and Yukawa
terms along with an SM like action and field content however defined in a 4 + 1 dimensional
bulk. Boundary localised terms parametrise the unknown radiative corrections to the masses
and couplings in the full 5-D theory. Presence of boundary terms modify the couplings and
mass spectrum of KK-modes in the 4-D effective theory in a non-trivial manner.
To put our discussion into a context, we must remind that in UED, masses of the nth KK-
modes are nR−1 (R−1 being the compactification scale). Interactions among the different
KK-excitations are very similar to their SM (0-modes) counterparts. However inclusion of
BLT parameters would shift the masses of KK-modes from their UED values. For keeping our
analysis simple we stick to the case of two different BLT parameters. The first one rV , specifies
the gauge and Higgs BLTs while the second one, rf stands for equal fermion and Yukawa BLT
coefficients.
Effective interaction for Bs(d) meson decaying to a pair of µ
+µ− can be parametrised by a
4-fermion interaction. The coefficient for this effective interaction is calculable in the frame-
work of SM and in the model of our interest namely the UED model. There are two sets of
diagrams contributing to this decay process. The Z-penguins contribute dominantly while the
box diagrams are sub-dominant. Diagrams 3, 4, 6, 7 and 8 in Fig. 2 and Ib and IIb of Fig. 3
captures the effects of top-Yukawa couplings, due to which this one loop mediated process is
being amplified.
We have listed the amplitudes from each diagram separately in Appendix A and B. The total
contribution coming from the penguins are finite and GIM mechanism plays a crucial role to
tame the divergences. It should be noted that the final results is sum of contributions coming
from different KK-levels and it also contains the SM contribution (i.e. from 0th KK-mode).
While summing over the KK-levels we restrict ourselves to 5 levels in view of a recent analysis
relating the Higgs boson mass and cut-off of a UED theory [29]. It has been shown explicitly
that the limits on the parameters derived from our analysis would change a little if we take 20
KK-levels in the summation instead of 5.
There is a one (two)-standard deviation difference between the experimentally measured branch-
ing ratio of Bs(d) → µ+µ− with its SM prediction. We have used the experimental data on the
measured value of branching ratio of Bs(d) → µ+µ− to constrain the parameter space of nmUED
model. As our calculation would reproduce the results of Br(Bs → µ+µ−) in the vanishing
BLKT limits, at the very outset, we have used the above algorithm to set a lower limit on R−1
in the framework of UED. In case of UED, present analysis constrained R−1 to greater than
450 GeV at 95 % C.L. This limit in the framework of UED, is not one of the most stringent.
However, this is in the same ballpark with the limits those are obtained from the consideration
of Rb [18] or ρ-parameters [32]. The nmUED model has more than one parameters apart from
the compactification radius. The BLT coefficients control the masses of KK-modes and their
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interactions. So in the nmUED framework, any lower limit on R−1 would depend on these BLT
coefficients. As for example, for Rf = RV = 3, R
−1 > 0.7 TeV, while for Rf = 4, RV = 3,
R−1 > 0.8 TeV. These lower limits on R−1 are so far the most stringent one in the framework
of nmUED. Thus the recent experimental result of Bs meson decay to µ
+µ−, combined with
present analysis has excluded the largest region in the nmUED parameter space. Unfortunately
the bounds on the parameters using the Br(Bd → µ+µ−) is not so competitive. Lower limits
on R−1 derived from our analysis for negative values of Rf are not so stringent and the have
been already ruled out from the consideration of electroweak precision data.
We have also reviewed the effect of electroweak precision constraint on nmUED parameter
space. Our analysis reveals that the experimental data on the Bs → µ+µ− branching ratio
would put more severe constraint on the lower limit of R−1 for positive values of Rf than the
electroweak precision data.
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Appendices
A Different contributions to Z-penguin and self-energy
diagrams
The contributions of the Z-penguin diagrams to the functions Cn in Fig. 2 are given as follows:
F1(xf(n))=
1
8
(
c4fn + s
4
fn −
4
3
s2w
)[
∆+ ln
µ2
M2
f(n)
− 3
2
+ hq
(
xf(n)
)− 2xf(n)hq (xf(n))
]
(In1 )
2,(A-1)
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where the functions hq and hw are given by:
hq(x) =
1
1− x +
lnx
(1− x)2 , (A-9)
hw(x) =
1
1− x +
x ln x
(1− x)2 . (A-10)
The contributions of the self-energy diagrams to the functions Cn are given by the following
expressions which are generated from Fig. 3:
∆S1
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Here ∆ = 2
ǫ
+ ln 4π − γE, D = 4− ǫ.
B Different contributions to box diagrams
The contributions of the box diagrams to the functions Bn in Fig. 4 are given as follows:
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The functions U and U˜ are defined as,
U(xt, xu) =
x2t log xt
(xt − xu)(1− xt)2 +
x2u log xu
(xu − xt)(1− xu)2 +
1
(1− xu)(1− xt) , (B-7)
U˜(xt, xu) =
xt log xt
(xt − xu)(1− xt)2 +
xu log xu
(xu − xt)(1− xu)2 +
1
(1− xu)(1− xt) . (B-8)
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C Feynman rules for Bs(d)→ µ
+µ− in nmUED
The Feynman rules for the different vertices with the assumption that all momenta and fields
are incoming.
1) ZµW ν±S∓ :
g2
cwMW (n)
gµνC, where C is given by:
ZµW (n)+G(n)− : C = −s2wM2W + c2wm2V (n),
ZµW (n)−G(n)+ : C = s2wM
2
W − c2wm2V (n) ,
ZµW (n)+H(n)− : C = −iMWmV (n),
ZµW (n)−H(n)+ : C = iMWmV (n) .
(C-1)
2) ZµS±1 S
∓
2 :
ig2
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2
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(k2 − k1)µC, where C is given by:
ZµG(n)+G(n)− : C = − (c2w − s2w)M2W − 2c2wm2V (n),
ZµH(n)+H(n)− : C = −2c2wM2W −
(
c2w − s2w
)
m2
V (n)
,
ZµG(n)+H(n)− : C = iMWmV (n) ,
ZµG(n)−H(n)+ : C = −iMWmV (n).
(C-2)
Here the scalar fields S ≡ H,G.
3) Zµ(k1)W
ν+(k2)W
λ−(k3) :
ig2cw [gµν(k2 − k1)λ + gµλ(k1 − k3)ν + gλν(k3 − k2)µ] . (C-3)
4) Zµf 1f2 :
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γµ (PLCL + PRCR), where CL and CR are given by:
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CL = −3 + 6s2w,
CR = 6s
2
w,
ZµT
1(n)
i T
1(n)
i :
{
CL = −4s2w + 3c2in,
CR = −4s2w + 3c2in, Z
µT
2(n)
i T
2(n)
i :
{
CL = −4s2w + 3s2in,
CR = −4s2w + 3s2in,
ZµT
1(n)
i T
2(n)
i :
{
CL = −3sincin,
CR = 3sincin,
ZµT
2(n)
i T
1(n)
i :
{
CL = −3sincin,
CR = 3sincin.
(C-4)
5) S±f 1f2 =
g2√
2MW (n)
(PLCL + PRCR), where CL and CR are given by:
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G+u¯idj :
{
CL = −miVij ,
CR = mjVij,
G−d¯jui :
{
CL = −mjV ∗ij ,
CR = miV
∗
ij ,
G(n)+T
1(n)
i dj :
{
CL = −m(i)1 Vij,
CR =M
(i,j)
1 Vij,
G(n)−d¯jT
1(n)
i :
{
CL = −M (i,j)1 V ∗ij ,
CR = m
(i)
1 V
∗
ij ,
G(n)+T
2(n)
i dj :
{
CL = m
(i)
2 Vij,
CR = −M (i,j)2 Vij,
G(n)−d¯jT
2(n)
i :
{
CL =M
(i,j)
2 V
∗
ij ,
CR = −m(i)2 V ∗ij ,
G+ν¯iej :
{
CL = 0,
CR = mjδij,
G−e¯jνi :
{
CL = −mjδij ,
CR = 0,
G(n)+ν¯iL(n)j :
{
CL = 0,
CR = m
(j)
1 δij ,
G(n)−L(n)j νi :
{
CL = −m(j)1 δij ,
CR = 0,
G(n)+ν¯iE (n)j :
{
CL = 0,
CR = −m(j)2 δij ,
G(n)−E (n)j νi :
{
CL = m
(j)
2 δij ,
CR = 0,
H(n)+T
1(n)
i dj :
{
CL = −m(i)3 Vij,
CR =M
(i,j)
3 Vij,
H(n)−d¯jT
1(n)
i :
{
CL = −M (i,j)3 V ∗ij ,
CR = m
(i)
3 V
∗
ij ,
H(n)+T
2(n)
i dj :
{
CL = m
(i)
4 Vij,
CR = −M (i,j)4 Vij,
H(n)−d¯jT
2(n)
i :
{
CL =M
(i,j)
4 V
∗
ij ,
CR = −m(i)4 V ∗ij ,
H(n)+ν¯iL(n)j :
{
CL = 0,
CR = m
(j)
3 δij ,
H(n)−L(n)j νi :
{
CL = −m(j)3 δij ,
CR = 0,
H(n)+ν¯iE (n)j :
{
CL = 0,
CR = −m(j)4 δij ,
H(n)−E (n)j νi :
{
CL = m
(j)
4 δij ,
CR = 0,
(C-5)
Here the fermion fields f ≡ u, d, T 1t , T 2t , ν, e,Lν ,Le, E .
6) W µ±f1f2 :
ig2√
2
γµPLCL, where CL is given by:
W µ+u¯idj : CL = Vij, W
µ−d¯jui : CL = V
∗
ij ,
W µ(n)+T
1(n)
i dj : CL = I
n
1 cinVij , W
µ(n)−d¯jT
1(n)
i : CL = I
n
1 cinV
∗
ij ,
W µ(n)+T
2(n)
i dj : CL = −In1 sinVij, W µ(n)−d¯jT 2(n)i : CL = −In1 sinV ∗ij ,
W µ+ν¯iej : CL = δij , W
µ−e¯jνi : CL = δij ,
W µ(n)+ν¯iL(n)j : CL = In1 δij , W µ(n)−L
(n)
j νi : CL = I
n
1 δij,
W µ(n)+ν¯iE (n)j : CL = 0, W µ(n)−E
(n)
j νi : CL = 0.
(C-6)
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The mass parameters m
(i)
x are given by:
m
(i)
1 = I
n
2 mV (n)cin + I
n
1 misin,
m
(i)
2 = −In2 mV (n)sin + In1 micin,
m
(i)
3 = −In2 iMW cin + In1 i
mV (n)mi
MW
sin,
m
(i)
4 = I
n
2 iMW sin + I
n
1 i
mV (n)mi
MW
cin,
(C-7)
where mi represents the mass of the 0-mode up-type fermion and cin = cos(αin) and sin =
sin(αin) with αin as defined earlier.
And the mass parameters M
(i,j)
x are:
M
(i,j)
1 = I
n
1 mjcin,
M
(i,j)
2 = I
n
1 mjsin,
M
(i,j)
3 = I
n
1 i
mV (n)mj
MW
cin,
M
(i,j)
4 = I
n
1 i
mV (n)mj
MW
sin,
(C-8)
where mj represents the mass of the 0-mode down-type fermion. Here, I
n
1 and I
n
2 are the overlap
integrals given in Eqs. 23 and 24 respectively.
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